Evidence for P2-purinoceptor-mediated uptake of Ca2+ across a fish (Oreochromis mossambicus) intestinal brush border membrane by Klaren, P.H.M. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/16766
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
Biochem. J. (1997) 322, 129-134 (Printed in Greal Britain) 129
Evidence for P2-purinoceptor-mediated uptake of Ca2+ across a fish 
Oreochromis mossambicus) intestinal brush border membrane
Peter H. M. KLAREN*, Sjoerd E. WENDELAAR BONGA and Gert FLIKt
□artment of Animal Physiology, Faculty of Science, University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands
V e have studied the effect of ATP on Ca2+ uptake in intestinal 
I tish border membrane vesicles (BBMVs) of the teleost tilapia 
( >reochromis mossambicus). ATP stimulated Ca2+ uptake 12-
i d over the control, with a linear time course. Ionomycin and 
cl [ergent treatment did not reduce BBMVs ’ C a2+ content, indi- 
t ing the binding of C a2+ to a membrane component. A rank 
O: Jer of ATP >  ADP >  AMP was established for the stimu- 
I ion of C a2+ uptake. Adenosine, vanadate, adenosine 5'-[a,/y- 
n thylenejtriphosphate (a P2X purinoceptor agonist) and 
a enosine 5'-[y-thio]triphosphate (a P-type ATPase inhibitor)
were without effect. 2-Methylthioadenosine 5'-triphosphate, a 
P2V purinoceptor agonist, mimicked the stimulation by ATP. As 
judged from a kinetic comparison, ATP hydrolysis and the 
stimulation by ATP of Ca2+ uptake were not compatible. The P2 
purinoceptor antagonist suramin and the P2V purinoceptor 
antagonist Reactive Blue-2 inhibited the Ca2f uptake stimulated 
by 1 mM ATP (1C50 0.17 mM and 5 8 //M respectively). We 
conclude that ATP-stimulated Ca2+ uptake in tilapia intestine is 
dissociated from ATPase activity and is mediated through a P2 
purinoceptor.
INTRODUCTION
h tracellular ATP-stimulated Ca2+ influx has been demonstrated 
ir many different cell types, including ovarian tumour cells, 
si ooth-muscle cells, cells from HL-60, HeLa and N G 108-15 
li es, J774 mouse macrophages, rat thyroid cells and atrial 
n ocytes [1-8]. The literature on ATP-stimulated Ca2+ uptake in
ii estinal cells is scarce; stimulatory effects of ATP in isolated 
en erocytes from human colon and from rat and chicken intestine 
h ve been reported [9-11]. A P2 purinoceptor [10], an ATP- 
iK lvated, protein kinase-regulated ion channel [11] and a Ca2+ 
u ake system sensitive to prenylamine (an antagonist for
c. modulin) [9] have been advanced to explain the stimulation by 
A P of Ca2+ uptake in these cells. Unfortunately, observations 
oi isolated cells do not allow discrimination between the apical 
ai 1 basolateral membrane domains as the site where ATP 
interacts with the Ca-+ transport system. Proceeding from the 
st ; mlatory effect of extracellular ATP on Ca2+ uptake in isolated 
ei erocytes [9-11], and from the observation that millimolar 
ci icentrations of a nucleoside triphosphate occur in tilapia 
in estinal mucosal fluid, we here focus on the hypothesis that 
A P regulates Ca2+ entry across the apical membrane of the 
ei erocyte. Purified brush border membrane vesicles (BBMVs) 
Were used as a tool. We provide evidence for an ATPase- 
in ependent, ATP-stimulated Ca2+ uptake in intestinal BBMVs 
and conclude from pharmacological studies that a subtype of a 
P purinoceptor is present in the apical membrane of the 
emerocyte and is involved in Ca2+ uptake.
m a te r ia ls  and methods
Animals
Sc ually mature tilapia {Oreochromis mossambicus) of both sexes, 
weighing 250-450 g, were obtained from laboratory stock. Fish 
were kept in 100-litre aquaria, supplied with running Nijmegen 
tap water ([Ca2t] 0.8 mM, at 25 °C) under a photoperiod of 16 h
of light alternating with 8 h of darkness. The animals were fed 
with Trouvit® commercial fish food (Trouw, Putten, The 
Netherlands), at a ration of 1.5 % (w/w) of their body weight per 
day.
Materials
45CaCl., was purchased from Amersham International 
(Aylesbury, Bucks., U.K.). Scintillator 299® was from Packard 
Instrument Co. (Meriden, CT, U.S.A.). ATP (Tris salt), 
adenosine 5,-[a,/?-methylene]triphosphate (pp[CH.JpA) and 
ADP [di(monocyclohexylammonium) salt] were from Sigma 
Chemical Co. (St. Louis, MO, U.S.A.). AMP (free acid) and 
adenosine 5'-[y-thio]triphosphate (ATP[S]) were from Boehringer 
(Mannheim, Germany). Reactive Blue-2 and the tetrasodium 
salt of 2-methylthioadenosine 5'-triphosphate (2-MeSATP) were 
from Research Biochemicals International (Natick, MA. U.S.A.). 
SK&F 96365 (dissolved in DMSO) was kindly provided by Dr. 
R. J. M. Bindels (Department of Physiology, Faculty of Medi­
cine, University of Nijmegen, Nijmegen, The Netherlands). 
Suramin was a gift from Bayer AG (Leverkusen, Germany). 
Solutions of suramin were made in ultrapure water and were 
prepared freshly before experimentation. All chemicals were of 
analytical grade and obtained from commercial suppliers. Mem­
brane protein was determined with a Coomassie Brilliant Blue 
kit (Bio-Rad, Miinchen, Germany), with BSA as a reference.
Isolation of intestinal brush border membranes
Fish were killed by spinal transection, and intestinal brush 
border membranes were isolated by using a magnesium ag­
gregation technique and differential centrifugation as described 
in detail previously [12]. Brush border membranes were collected 
in 150 mM KC1/0.8 mM MgCl.,/20 mM Hepes/Tris (pH 7.4). 
The final membrane preparation was enriched 17-fold in alkaline 
phosphatase (EC 3.1.3.1). We previously determined that almost 
100°o of the vesicles are oriented right-side-out [12].
Abbreviations used: BBMV, brush border membrane vesicle; pp[CH2]pA, adenosine 5'-[a,/y-methylene]triphosphate; ATP[S], adenosine 5'-[y- 
thio]triphosphate; 2-MeSATP, 2-methylthioadenosine 5'-triphosphate.
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Ca2+ transport assays
Zero trans Ca2+ uptake
T he  assay m ed ium  was identical with the buffer in which the 
m em b ran es  were suspended  and  con ta ined  calculated free con cen ­
t ra t ions  o f  5 m M  C a 2+ and  0.8 m M  M g 2\  and  graded  a m o u n ts  
o f  total  nucleotide.  T he  C a 2+ concen t ra t ion  used in o u r  assays 
was in the range o f  the am bien t  intestinal luminal  concen t ra t ion ,  
which we m easured  to range from 2 to 27 m M .  C a 2+ u p ta k e  in 
the presence o f  a fixed nucleot ide  con cen t ra t io n  was  m easured  at 
1 m M  nucleotide.  This  co ncen t ra t io n  represents  F max cond i t ions  
with  respect to A T P ,  as m easured  by A T P  hydrolysis  in a 5 min 
assay. T he  45CaCl._, rad ioact ive  concen t ra t ion  was 2.5 M B q / m l .  
Assays were per fo rm ed  at  37 °C;  m e m b ra n e s  a n d  assay media  
were p rew arm ed  before incubat ion .  T h e  incuba t ion  tem p era tu re  
chosen was the o p t im u m  for a n o th e r  im p o r ta n t  C a 2+ t ran sp o r t in g  
prote in  in fish, namely  the high-affinity C a 2+-A T P ase  [13]. We 
calculate  tha t  in the presence o f  1 m M  total  A T P ,  96 %  o f  the 
A T P  is complexed  with  C a  (0.72 m M  C a A T P 2-) o r  M g  (0.24 m M  
M g A T P 2-), leaving a free A T P 4- co n cen t ra t io n  o f  3 5 / /M. 
Incuba t ion  was init iated by mixing 10//1 o f  a p re p a ra t io n  o f  
B BM V s with 70 //I o f  the assay m edium .  Zero  trans C a 2+ u p take  
was m easured  as the difference between u p tak e  for 5 min  at
37 °C and  at  0 °C. S K & F  96365 was tested at  a co n cen t ra t io n  o f  
1 5 / /M ,  which is in the range o f  the I C 50 values repor ted  for 
different p rep a ra t io n s  [7,14,15]. S u ram in  is generally em ployed  
at  co ncen t ra t ions  equal  to o r  h igher  than  the agonis t  c o n ­
cen t ra t ion  [2,16,17]. W e added  su ram in  at 0.1 and  1.0 m M  to the 
assay m ed ium .  Reactive Blue-2 was added  at concen t ra t ions  
ranging  f ro m  30 to 500 / /M .  All an tagon is ts  were tested with 
1 m M  A T P  present in the incuba t ion  m ed ium .  T he  react ion was 
quenched  by the add i t ion  o f  1 ml o f  ice-cold isotonic s top  buffer 
con ta in ing  150 m M  KC1, 20 m M  Trizma-7.0® (pH  7.4 at  0 °C) 
and  10 m M  L a C l ;r T h e  quenched  sample  was immedia te ly  filtered 
over  an  80 k P a  vacuum ,  usine M E 2 5  nitrocellulose filters with a 
pore  size o f  0.45 / /m (Schleicher & Schuell, Dassel.  G erm any) .  
Filters were rinsed three t imes with 2 ml o f  the ice-cold s top  
buffer an d  dissolved in 4 ml Scinti l la tor  299* scinti l la t ion c o c k ­
tail. T he  rad ioact iv i ty  re ta ined  on  the filters was m easu red  in a 
W allac  1410 (P harm ac ia ,  T u r k u ,  F in land)  l iquid-scinti l la t ion 
counter .  U p ta k e  values are expressed as nmol  o f  C a 2+ per 5 min 
per mg o f  protein.
Isotope equilibrium exchange
In iso tope equi l ibr ium exchange  exper im ents  45C a 2+ m ovem en ts  
were m easu red  in the absence o f  an  e lectrochemical  dr iv ing  force 
for C a 2+. M e m b r a n e  vesicles were effectively loaded with  C a 2+ as 
described earl ier  [12]. In cu b a t io n s  were pe r fo rm ed  in the same 
assay buffer and  at  the sam e tem p era tu re  as was used in zero 
trans experiments .  I n t ra  vesicular {trans) a n d  extra  vesicular (cis) 
free C a 2+ co n cen t ra t io n s  were 5 m M .  Q u en ch ing  and  filtering 
were d o n e  as described for the zero trans experiments .  Blank 
values were de te rm ined  in quad rup l ica te .  T he  t racer  co n ten t  o f  
the B B M V s was divided by the specific activity o f  the assay 
m ed iu m  to ob ta in  the a m o u n t  o f  C a 2+ exchanged  across  the 
m em b rane .
Enzyme assays
A den ine  nucleot idase  activity was m easu red  by incuba t ing  10 //I 
o f  m e m b ra n e  suspens ion  (pro te in  c o n cen t ra t io n  0 .3 -0 .7  m g /m l )  
for 5 m in  at 37 °C in 500 //I o f  m ed ium  including 150 m M  KC1, 
a ca lcula ted  5 m M  free C a 2+ (added  as C aC L ) ,  0.8 m M  free M g 2+ 
(added  as MgCl.,),  20 m M  H e p e s /T r i s  (pH  7.4) an d  g raded
a m o u n t s  o f  A T P  o r  A D P .  O u ab a in ,  theophyll ine  and  oligomycin- 
B were added  at  co n cen t ra t io n s  o f  1 m g /m l ,  2 m M  and  5 / /g /m l  
respectively. T he  react ion  was quenched  by the add i t ion  o f  1 ml 
ice-cold 8.6  ° 0 (w /v )  t r ichloroacet ic  acid to the mixture .  Liberated 
P, was colorimetr ical ly  m easured  at a wavelength  o f  700 nm with 
the iron m o lybda te  reagent  described by Fiske and  S u b b a R o w  
[18]. An inorganic  p h o sp h a te  so lu t ion  (Sigma Chemica l  Co.) 
served as a P, s tand a rd .
ATP detection in intestinal luminal contents
An A T P  diagnost ic  kit (Sigma Chemica l  Co.)  was used. Luminal  
con ten ts  were sam pled  immedia te ly  af ter  the fish was killed. To
1 vol. o f  a sample  (approx .  1 0 / /1) was ad d ed  1 vol. o f  8 .6 ° 
t r ichloroacetic  acid. Samples  were mixed and  left on  ice fo 
5 min, a n d  then centr i fuged at 4 5 0 0 #  for 10 min in a Microfug 
C e n ta u r  centr i fuge  to o b ta in  a clear su p e rn a ta n t  on which the 
assay was perfo rm ed .  T h e  assay is based on the phosph o ry la t io  
o f  3 -phosphog lycera te  by A T P  and  the subsequen t  convers ion  c
1,3 -d iphosphoglycera te  to g lycera ldehyde 3 -phospha te ,  durin  
which react ion  N A D H  is oxidized to N A D \  T h e  decrease  i 
N A D H  con ten t  o f  the react ion  m ix ture  is then a m easure  o f  tli 
initial A T P  con ten t  o f  the sample.  A so lu t ion  co n ta in ing  1 mM 
A T P  was run  in parallel  with  the intest inal  samples  an d  served us 
a s tan d a rd .  A ccord ing  to the m a n u fa c tu re r ' s  in fo rm a t ion ,  the 
A T P -d iag n os t ic  kit is equally  sensitive to the nucleoside tri­
p h o sp h a te s  G T P .  IT P  and  U T P .  We therefore  refer to the resul s 
o f  this assay as nucleoside t r ip h o sp h a te  levels. A m e th o d  in 
which  a firefly luciferase-lucifer in  reagent  was em ployed  prove 1 
unsui tab le  for the de tec t ion  o f  A T P  in luminal  sam ples :  becau e 
o f  the tu rb id i ty  o f  the samples,  luminescence could  no t  be 
detected even af te r  the  ad d i t io n  o f  an  in ternal  A T P  s tan d a rd
Calculations and statistics
T o  calcula te  free an d  com plexed  Ca.  M g  a n d  A T P  concen tra t ions  
in o u r  assay m edia  we used the c o m p u te r  p ro g ra m  C h e la to r  [1 ). 
Stabili ty co n s tan ts  were f rom  Sillen and  Marte l l  [20]. D a ta  poii s 
f rom inhib i t ion  s tudies were fitted to the e q u a t io n :
=  m m , ) }
where v0 is the u p ta k e  ra te  in the absence  o f  the inh ib i tor ,  [II is 
the inh ib i to r  c o n c e n t ra t io n  and  K i is the value o f  [I] at which 
inhibi t ion is ha l f -m axim al  unde r  the specific incuba t ion  cc i- 
di t ions.  D a ta  were analysed with a non l inea r  regression d; a 
analysis  p ro g ra m  [21]. Results  are presented  as m eans  +  S.E.M. 
unless s ta ted  otherwise.  S tu d en t ' s  t test for unpa i red  d a t a  and 
W elch 's  a p p ro x im a te ,  and  K ruska l -W al l i s '  n o n -p a ra m e t i  ;o, 
analysis  o f  var iance  followed by D u n n ' s  mult ip le  comparis< n 
test were used for statistical  eva lua t ion  as a p p ro p r ia te .  Signi i- 
cance was accepted  at P <  0.05. Aster isks  indica te  a signific nt 
difference with  respect to the con t ro l  (*P  <  0.05, * * />< 0 .0 1 .  
***ƒ> < 0.001).
RESULTS
T he  average  nucleoside t r ip h o sp h a te  c o n c e n t ra t io n  in the lumi al 
fluid o f  t i lapia was 0.9 ± 0 . 3  m M  {n = 9).
F igure  1 shows a l inear t ime course  o f  the ATP-st imulated 
zero trans C a 2+ up take .  A slope o f  55 n m o l / m i n  per mg is 
calculated.  T he  t racer  co n ten t  o f  the B B M V s was not  a f fe c te d  
by the add i t ion  o f  1 0 / /M  io no m y c in /1  %  T r i to n  X-100. in d i ­
ca t ing  the b ind ing  o f  C a 2+ to m e m b r a n e  c o m p o n e n ts .  In contrast, 
in con t ro l  incuba t ions  (i.e. in the absence  o f  ex trace l lu la r  A I P) 
the add i t ion  o f  ionom ycin  resulted in a 2 -fold increase in the
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ure 1 Time course of ATP-stimulated zero trans Ca2f uptake in tilapia 
jr ;stinal BBMVs (means ±S.E.M ., n = 5)
ts of 10 / / M ionomycin and 1 % Triton X-100 in the extravesicular medium are shown. The 
I: Ca2+ concentration was 5 mM. Symbols: O . A . D .  uptake in the presence of 1 mM ATP
•  . A ■  controls (i.e. uptake in the absence of ATP). Arrows indicate the addition of 
nycin ( A . A )  and Triton X-100 ( □ . ■ )  respectively. O . # .  Controls (untreated 
branes). The slope of the straight line indicates an uptake rate of 55 nmol/m in per mg.
[ p r o t e i n ]  ( m g  m l ' 1)
Fit e 2 ATP-stimulated 45Ca2+ uptake, measured in a 5 min incubation
in val, plotted as a function of protein concentration in the membrane
ve le preparation
Tt Ca in the BBMVs is expressed as a fraction of the specific radioactivity of the tracer. The
St' t line is described by the function y =  4 .3 x 1  0-2at— 3 x 10~3 (r =  0.69, n = 23,
P 0003). A runs test did not indicate a significant departure from linearity {P= 0.36).
tr t  con ten t  in BBM Vs.  Here,  T r i to n  X-100 t rea tm en t ,  in 
di ipting the vesicular  osm ot ic  space, caused  the t racer  con ten t  
to ill ju s t  be low zero.
gure 2 shows tha t  the A T P -s t im u la te d  C a 2+ u p ta k e  is linearly 
co .Tated with the p ro te in  co n c e n t ra t io n  in the p re p a ra t io n  o f  
B1 I Vs (/• =  0.69, P =  0.0003), ind ica t ing  a re la t ion  between the 
sti ulated C a 2+ u p ta k e  and  a c o m p o n e n t  o f  the m e m b ra n e  
vesicle p rep a ra t io n .
our  exper im enta l  se t -up  the A T P -s t im u la te d  C a 2+ u p ta k e  is 
nu ¡Hired as a tem pera tu re -sens i t ive  up take .  This  a p p ro a c h  is 
common in m a n y  m e m b ra n e  t r a n s p o r t  s tudies an d  is used to 
dis aguish non-specific b ind ing  o f  t racer  to ex traves icu lar  sites 
•rom t r a n s m e m b ra n e  t rans loca t ion .  C a 2+ u p ta k e  at  0 °C a n d  in 
the presence o f  1 m M  A T P  was 31 ± 3 %  {n = 23) o f  the total  
uptake m easured  at  37 °C ;  7 0 ° 0 o f  the A T P -s t im u la te d  C a 2+ 
uptake is thus  tem p e ra tu re -d e p en d e n t .  C o m p a r e d  with con t ro l  
BBMVs, at 0 °C 1 m M  A T P  increased the C a 2+ c o n te n t  in
t i m e  ( mi n )
Figure 3 Effect of 1 mM ATP cis on isotope equilibrium exchange rate 
(/? = 4)
Means ± S .E .M  are shown. Isotope exchange rate in the presence of 1 mM ATP cis can be 
described by a straight line with a slope of 68 nM/mg. Symbols: O .  uptake in the presence 
of 1 mM ATP cis\ •  controls.
Table 1 Effect of ATP, ADP, AMP, ATP[S], pp[CH2]pA and 2-MeSATP (all 
1 mM), 10 //M vanadate, 15 //M SK&F 96365 or 0.1 or 1 //M suramin in the 
extravesicular medium on zero trans Ca2f uptake ( / a) in tilapia intestinal 
BBMV
Uptake after 5 min was measured, [Ca2+] m  =  5 mM. Controls represent uptake in the absence 
of ATP. Abbreviation: n, number of experiments.
Addition (nmol per 5 min per mg) n
Control 25.2 ± 1 . 4 5
ATP 372.4 ± 1 5 0 . 1 “ 5
ADP 157.9 ± 2 6 . 5 5
AMP 38.9 ± 4 .1 5
Adenosine 26.4 ± 3 . 3 5
A TP +  10 / /M  vanadate 333.3 ± 1 0 1 .2 * * 5
ATP, no SK&F 96365 291.7 ± 7 1 .1 3
A TP +  15 / /M  SK&F 96365 278.7 ± 5 4 . 5 3
Control 24.5 ± 9 . 5 4
ATP 112.7 ± 2 6 .4 * 4
A T P +  0.1 mM suramin 80.1 ± 2 3 .1 4
ATP +  1 mM suramin 37.8 ± 1 1 . O f 4
Control 35.5 ± 5 . 2 13
ATP 423.5 ± 6 5 .5 * * * 14
ATP[S] 83.6 ± 1 2 . 6 4
PP[CH2]pA 43.2 ± 1 2 . 3 5
2-MeSATP 352.1 + 7 2 .5 * * 5
t  Suramin (1 mM) significantly inhibits ATP-stimulated Ca2+ uptake (P=  0.04).
B BM V s by a fac to r  o f  1 .9 ± 0 .2  [n =  21). A t  37 °C this increase 
was a fac tor  o f  11.8 ±  1.7 (// =  23), again  show ing  tem p e ra tu re  
dependence .  W e fu r the r  invest igated ex traves icu lar  C a 2+ b ind ing  
by using an iso tope  equ i l ib r ium  exchange  p ro toco l .  D u r in g  the 
load ing  p rocedure ,  vesicles are  not  only loaded  intravesicularly  
(as va l ida ted  in a p revious  p ap e r  [ 12]), bu t  it can  also be assum ed  
th a t  extraves icular  b ind ing  sites will be m ask ed  by C a 2+. F igure
3 shows th a t  1 m M  A T P  in the ex traves icu lar  m ed iu m  p roduces  
a linear ra te  o f  t racer  equ i l ib r ium  exchange,  c o m p a re d  with 
con t ro l  incuba t ions .  F r o m  the know ledge  th a t  the specific 
vesicular vo lum e o f  the B B M V s is 6.0 / /1 /mg it can  be ca lcu la ted  
tha t  f rom  a vesicular C a 2+ co n ten t  o f  30 n m o l / m g  in traves icu lar  
load ing  takes  place. These  results are  best  expla ined  by a ssum ing
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Figure 4 Initial rates of a nucleotidase activity in resealed tilapia intestinal 
BBMVs
Means ±  S.E.M. are shown. Dala poinls were lilted to a Michaelis—Menten equation. Symbols: 
0 , ATP [n =  5), Vmx =  285 / /m o l/h  per mg, Km = 88 / iM  ATP; O. ADP [n = 4). Vmx 
=  233 / /m o l/h  per mg, K =  230 / /M  ADP.
the exposure  o f  in traves icular  C a 2+-b ind ing  sites on incuba t ion  
with A TP .
A T P .  A D P  and  A M P  (l m M )  s t imula ted  C a 2+ u p ta k e  in 
BBMVs,  albeit with a decreasing am pl i tude  (Table  l ). A denos ine  
was w i th o u t  effect. V a n a d a te  (1 0 / /M ) ,  an  inh ib i to r  o f  P-type 
ATPases ,  and  S K & F  96365 (15 / /M ),  an an tagon is t  o f  receptor-  
m edia ted  C a 2+ en try  [15], did not  inhibit  A T P -s t im u la ted  C a 2+ 
u p take  in BBMVs.
F r o m  the results o b ta in ed  so far  it seems tha t  an  adenos ine  
phosphoes te rase  is im p o r t a n t  in the u p take  o f  C a 2+ in BBMVs. 
Because A T P a se  activity has been localized to the apical m e m ­
brane  m a m m a l ia n  intestinal cells [22-27], an  invest igat ion o f  the 
involvement o f  an  A T P a se  in the u p tak e  o f  C a 2+ was w a r ran ted .
In the presence o f  inhib i tors  o f  ( N a + +  K +)-ATPase  and  
alkal ine  p h o sp h a ta se  activity, B BM V s showed a nucleot idase  
activity, hydrolys ing  A T P  and  A D P  (F igure  4). A p p a re n t  affinity
coefficients (Km) were 88 / /M  A T P  an d  230 / /M  A D P  respectively. 
Because A M P  did no t  affect t r a n sp o r t  (Table  1) we did no t  assay 
A M P  hydrolysis  by BBMVs.  W h en  B BM V s were incuba ted  at 
p H  10.2 and  with a zinc supp lem en ta t io n ,  i.e. u n d e r  opt imal  
cond i t ions  for a lkal ine  pho sp ha ta se ,  the po tency  rank  o rd e r  was 
re v e r se d : A M P  A D P  A T P  (results no t  shown).  Because all o f  the 
B BM V s p re p a ra t io n  is or iented  r ight-s ide-out  [12], the nuc leo­
tidase activity m us t  be an  ecto-enzymic activity in the enterocyte  
These  results could  indicate  tha t  hydrolysis  o f  a p h o sp h a te  ester 
is necessary to cause the s t im ula to ry  efTect o f  A TP .  We therefore  
exam ined  the kinetics o f  A T P  hydrolysis  an d  the A T P  c o n ­
cen t ra t ion  dependence  o f  C a 2+ u p ta k e  in BBMVs.  Both experi 
m ents  were pe r fo rm ed  unde r  cond i t ions  tha t  yielded initia 
velocities. F igures  5(A) and  5(B) show th a t  the kinetics o f  these 
processes, m easured  in paired  p repa ra t ions ,  differed significantly 
A T P  hydrolysis  was well described by single M ich ae l i s -M en ten  
kinetics (Hill coefficient 1.0). T he  kinetic p a ram e te rs  ^ nax and  K 
were calcula ted  to be 82 / /mol o f  P , / h  per  m g  and  64 / /M  ATi 
respectively. In  the sam e subs t ra te  range,  the A T P -s t im u la ted  
C a 2+ u p take  was linear, having  a slope o f  60 / / l /m in  per m g  and 
an offset represent ing  A T P - in d e p e n d e n t  u p tak e  (as describee 
previously [12]). These  results show  tha t  A T P  hydrolysis  is no 
responsible  for the A T P -s t im u la ted  C a 2+ u p tak e  in BBMVs.  Th 
free A T P 4- co n cen t ra t io n  in o u r  assay m edia  can  be calculated 
from the total  A T P  concen t ra t ion .  T h e  inset in F igure  5(B) 
shows tha t ,  up to 1 8 0 / /M free A T P 4- (which is equ iva len t  to 
5 m M  total  A T P  in o u r  assay m edium ),  C a 2+ u p take  is also a 
l inear func t ion  o f  the A T P 4- concen t ra t ion .
We finally tested the involvement  o f  an  A T P  receptor .  Incu­
ba t ions  o f  B BM V s with 1 m M  su ram in ,  a P 2 pu r inocep to r  
an tagon is t ,  resulted in a significant decrease  in the ATP- 
s t imula ted  C a 2+ u p ta k e  (Table  1). F r o m  T ab le  1 a o f  0.17 mM 
su ram in  was  calcula ted .  A n  A T P  a n a lo g u e  o f  which the adenine 
base is modified (2 -M eS A T P ,  a P 2Y agonis t)  m im icked  the 
s t im u la to ry  effect o f  A T P  (Table  1). A n a lo g ues  with m o d i ­
fications in the t r ip h o sp h a te  cha in  (ATP[S] and  pp[CH.JpA) 
were unab le  to s t imula te  C a 2+ u p tak e  in B B M V s (F igure  6 ). The 
P 2Y an tag o n is t  Reactive Blue-2 dose -dependen t ly  inhibi ted  the 
A T P -s t im u la ted  C a 2+ u p tak e  (F igure  6 ). A o f  58 / /M  w s 
calculated.
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Figure 5 A comparison of the ATP concentration-dependence of ATPase activity and ATP-dependent Ca2+ uptake in resealed tilapia BBMVs
(A) ATPase activity in resealed tilapia intestinal BBMVs as a function of the extravesicular ATP concentration. Means ±  S.E.M. [n =  3). The curve is described by a single M ichaelis-Menten equation. 
The inset shows an Eadie-Hofstee translormation of the data. Kinetic parameters are: Vnm =  82 / /m o l of P /h  per mg, Km = 64 / /M  ATP, Hill coefficient 1.0. (B) ATP-dependent Ca2+ uptake 
in tilapia intestinal BBMVs. Means ±  S.E.M. (n =  3). Slope and intercept of the straight line are 60 / / l /m in  per mg and 19 nmol of Ca2+/m in  per mg respectively. The inset shows Ca2" 
uptake as a function of the calculated free ATP4- concentration. Slope and intercept of the straight line in the inset are 2 / / l /m in  per mg and 19 nmol of Ca2+/m in  per mg respectively
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ure 6 Dose-dependent inhibition by Reactive Blue-2 of ATP-stimulated 
uptake in intestinal brush border membranes
<travesicular ATP concenlration was 1 mM. K{ is calculated as 58 / / M Reactive Blue-2.
conclude from this s tudy  tha t  a P 2 p u r in o c e p to r  located in 
apical m e m b ra n e  o f  the en te rocy te  is involved in A T P -  
ulated C a 2+ t r a n s p o r t  in t i lapia intestinal BBM Vs.  T he  
tics o f  A T P -s t im u la ted  C a 2+ u p tak e  a n d  A T P  hydrolysis  by 
A T P ase  activity p roved  incongruen t .  C onsequen t ly  vve 
ted an  adenos ine  (ec to)nucleot idase  activity as a m e d ia to r  o f  
\T P - s t im u la te d  C a 2+ t ranspo r t .  F o r  C a 2‘ u p tak e  in tilapia
I Vs we establ ished a n  agonis t  rank  ordei  o f  A T P  =  2- 
M A T P  >  A D P  >  A M P .  A denos ine ,  ATP[S] a n d  pp [C H .JpA  
ineffective in s t im u la t ing  C a 2+ up take .  C a 2+ up take  was a 
r func t ion  o f  A T P ‘~ co n cen t ra t io n ,  and  this is indicative o f  
sub type  p u r inocep to r .  However ,  it has  been repor ted  th a t  
’ and  A M P  are  ineffective in s t im ula t ing  P 2/ receptors  [28]. 
c is a consensus  [28-30] on the non-subtype-specif ic  inhibi- 
iction o f  su ra m in  on  P 2X a n d  P 2Y receptors ,  the insensitivity 
v receptors  for p p [C H .Jp A  an d  the sensitivity o f  the P 2Y 
si! ype for 2 -M e S A T P  a n d  Reactive Blue-2. O u r  results  the re ­
in seem to be c o n g ru e n t  with a P 2Y p u r in o c e p to r ' s  [28-31] 
n at ing C a 2+ t r a n s p o r t  in t i lapia intestine. H ow ever ,  the 
p nacologica l  profile (i.e. inhib i t ion  by Reactive Blue-2 and  
ilation by 2 -M e S A T P )  o f  a recently c loned P 2X p u r in o c e p to r  
[; s s imilar to tha t  o f  a c loned P 2V p u r in o c e p to r  [29]. F o r  this 
iv >n, and  because  o f  possible differences between m a m m a l ia n  
a n o n -m a m m a l ia n  pu r inocep to rs ,  fu r the r  exper im ents  are 
nc *d to o b ta in  a definite sub typ ing  o f  the P 2 pu r inocep to r .  T h e  
c iound S K & F  96365, an  a n ta g o n is t  for recep to r -m ed ia ted  
(  entry ( R M C E ) ,  failed to block the A T P  effect. S K & F  96365 
b! s L-type vo l tage -opera ted  C a 2+ channe ls  in sm oo th -m usc le  
ce and p i tu i ta ry  G H :{ cells [15] a n d  an  A T P -s t im u la ted  C a 2+ 
eu ut in h u m a n  neu t roph i ls  [7]. H ow ever ,  in a sm oo th -m usc le  
pr »ration S K & F  96365 failed to inhibit  A T P -g a te d  C a 2+ 
eh lels [15]. It has been conc luded  th a t  S K & F  96365 m o du la te s  
P< receptor  events,  i.e. the C a 2+ en try  step ra th e r  than  recep tor  
bim ing o f  the agon is t  [15].
P and  A T P  ana logues  have been repor ted  to act  on  the 
sm th m uscu la tu re  o f  the gas t ro in tes t ina l  t ract  o f  several teleost 
species [33-36]. K n ig h t  a n d  B urns tock  [37] were the first to 
demonstrate the invo lvem ent  o f  P, a n d  P 2 p u r in o cep to rs  in the 
acti mis o f  pur ines  on  the c o n t ra c t io n  o f  s to m a c h  a n d  intestine in 
Gusicrosteus aculeatus. O u r  results  show  th a t  p u r in o cep to rs  
ln the gas t ro in tes t ina l  t rac t  o f  teleosts  are  involved no t  only  in
regulating m u scu la r  c o n t ra c t io n s  b u t  also in the a b s o rp t io n  o f
Ca2’.
A ! P-st imulated C a 2+ influx has been d e m o n s t r a te d  in a variety 
°l cell types [1-6]. H ow ever ,  the l i te ra ture  on  A T P -s t im u la ted
C a 2+ u p ta k e  in intestinal cells is scarce. K im m ich  a n d  Randles  
[11] found  an  increase in cytosolic C a 2+ con cen t ra t io n  in isolated 
chicken intestinal epithelial cells when  2 m M  A T P  was added .  
C h lo rp ro m az in e ,  a ca lm odu l in  an tagon is t ,  inhibi ted A T P -  
s t imula ted  C a 2+ u p tak e  in these cells. In cell lines o f  h u m a n  
colonic  epithelial origin,  1 0 0 / /M  A T P  increased the cytosolic 
C a 2+ co n cen t ra t io n  20-fold over  the rest ing level [10]. An 
extracel lu lar  P 2 pu r inocep to r ,  regula t ing epithelial  cell ion t ran s ­
por t ,  was suggested on the basis o f  the po tency  o f  different 
agonis ts  (A T P  >  A D P  Nadenosine) .  E xogenous  A T P  in­
creased C a 2+ u p take  2-6-fo ld  in isolated rat  intestinal epithelial 
cells [9], A m axim al  effect was observed at 1 m M  A TP.  Adenosine ,  
5 - A M P ,  A D P  and  non-hydro lysab le  A T P  ana logues  p roved  
ineffective. However ,  the slowly hydrolysable  A T P  ana logue  
ATP[S] fully m im icked  the A T P -s t im u la ted  C a 2+ up take .  T he  
ca lm odu l in  an tag o n is t  p reny lam ine  inhibited the A T P  effect, 
which was also observed  by P o p p e r  an d  Batra  [3] in a h u m a n  
ovar ian  cancer  cell line. T he  inhibi t ion by p reny lam ine  is 
co ng ruen t  with observa t ions  on  ch lo rp ro m az in e  inhibi t ion  [ 11]. 
R ichards  et al. [9] suggest tha t  hydrolysis  o f  a te rminal  p h o sp h a te  
o f  A T P  is required  for the s t imula ted  C a 2+ up take ,  bu t  they do  
not  rule o u t  the involvement  o f  a nucleotide-specific receptor.  T o  
sum m arize ,  exper im enta l  results on  A T P -s t im u la ted  C a 2+ up take  
in (m am m al ian )  enterocytes  indicate the involvement  o f  a 
ca lmodulin-sensi t ive  P., pu r inocep to r .  However ,  the m e m b ra n e  
d o m a in  in which this pu ta t ive  p u r in o c e p to r  resides remains  
unresolved.
A prerequisi te  for  a funct ional  purinergic  recep tor  in the 
en te rocy te ’s b rush  b o rd e r  m e m b ra n e  is the presence o f  the 
p ro p e r  ligand, i.e. A T P ,  in the intestinal lumen. O ne  po in t  tha t  
needs to be addressed  is the source o f  the ligand. A possible 
source for luminal  A T P  would  be s loughed-off  epithelial cells. In 
isolated en terocytes  f rom  ra t  and  h u m a n ,  cellular values o f  A T P  
were m easu red  to range  from 5 to 6 nm ol  o f  A T P / m g  o f  p ro te in  
[38]. If  we assum e cellular A T P  levels in t i lapia en terocytes  to be 
in the sam e range,  we calculate  th a t  a lum ina l  c o n cen t ra t io n  o f  
0.9 m M  A T P  is equivalent  to 150-180 m g o f  p ro te in /m l  
o f  luminal  fluid. A ssum ing  a cy top lasm ic  A T P  c o n cen t ra t io n  o f
5 m M  [31], cellular d im ensions  o f  5 / /m  x 5 / /m x 20 //m, a n d  a 
cellular vo lum e o f  5 x 10-16 litre for an  en terocyte ,  we calculate  
tha t  a luminal  A T P  co n cen t ra t io n  o f  0.9 m M  is equivalen t  to
4 x 1011 cells per ml o f  luminal  fluid. W e therefore  do  no t  th ink  
tha t  s loughed-off  en terocytes  are a plausible  source for A T P .  
Ingested food could  be a n o th e r  source  for luminal  A T P ,  but  the 
industr ia l ly  processed fish feed we p rov ide  o u r  fish con ta in s  no 
de tec tab le  a m o u n t s  o f  A T P .  U l t ra s t ru c tu ra l  s tudies on  intestinal  
abso rp t ive  cells in t i lapia (S. E. W e n d e la a r  Bonga,  unpub l ished  
w ork)  a n d  o the r  teleost species [39-41] d e m o n s t r a te  the presence 
o f  n u m ero u s  m i to c h o n d r ia  a n d  clear vesicles in the apical 
cy top lasm  o f  the enterocyte .  It is t em p t ing  to corre la te  these 
s t ruc tu ra l  p h e n o m e n a  with the presence o f  a secre tory  p a th w a y  
for A T P  in the intestine.  Every cell could  potent ia l ly  serve as a 
source  o f  ex tracel lu lar  A T P  [1,31], a n d  n a n o m o l a r / m i c r o m o l a r  
pericellular  A T P  co n ce n t ra t io n s  have been predic ted  [1]. These  
predicted A T P  levels differ by at least one  o rd e r  o f  m a g n i tu d e  
f rom  the nucleot ide  co n cen t ra t io n s  m easu red  in intest inal  luminal  
samples.  T h e  regu la t ion  o f  intestinal  t r a n s m e m b ra n e  C a 2+ t r a n s ­
p o r t  by ex trace l lu lar  A T P  o f  enterocyt ic  origin,  via a P 2 
p u r in o cep to r ,  is a n  in terest ing w o rk in g  hypo thes is  for fu ture  
research.
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